Paraquat (PQ) is a well-known herbicide that exerts its effects by elevating intracellular levels of superoxide. It has been previously demonstrated that oxidative and nitrosative stress participate to PQ-induced cell death. Here, we document that PQ increases the levels of nitric oxide (NO) in rat mesencephalic cells and causes nuclear translocation of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to activate the NO/GAPDH/Siah cell death cascade. PQ exposure increases expression of the p300/CREBbinding protein (p300/CBP) and phosphorylation of p53 at Ser 15, which stimulates p53-dependent transactivation through increased binding with p300. Although this cascade could be inhibited by preincubation with the monoamine oxidase B inhibitor deprenyl, cell death was not prevented. Pretreatment of cells with the neuronal nitric oxide synthase inhibitor 7-nitroindazole efficiently prevented the activation of the GAPDH/NO/Siah cell death cascade, thereby protecting cells against PQ-induced toxicity. The results suggest that PQ induces this novel cell death cascade in rat mesencephalic cells, but inhibition of the pathway does not impede cell death because of an oxidative burst generated by the pesticide.
Paraquat (PQ) is a bipyridyl compound that has been widely used as a nonselective contact herbicide since 1962. PQ is highly toxic if ingested and causes severe injury to the lungs and other organs. It produces oxidative stress through redox cycling, with a variety of cellular diaphorases and oxygen to produce superoxide radicals Gibson, 1982, 1984; Bus et al., 1974) . Oxidative stress has been implicated in the pathogenesis of Parkinson's disease (PD) based on biochemical changes that lead to dopaminergic neuronal death (Schapira, 2009; Somayajulu-Nitu et al., 2009; Zhou et al., 2008) . Animal models, epidemiological studies, and clinical case reports have repeatedly identified PQ exposure as a potential risk factor for the onset of PD symptoms (Costello et al., 2009; Dhillon et al., 2008; Semchuk et al., 1992; Tanner, 1989) . Although the exact mechanisms by which pesticides induce PD in experimental models remain controversial (Bartlett et al., 2009; Naylor et al., 1995) , several studies have shown that even low levels of exposure lead to excessive generation of reactive oxygen species (ROS). These chemically induced ROS have been investigated for their ability to cause (often nonspecific) damage to intracellular molecules. However, recent evidence has suggested additional mechanisms of toxicity.
PQ exposure elicits the activation of several transduction pathways, most of which lead to apoptotic cell death (González-Polo et al., 2004 Ortiz-Ortiz et al., 2009b; Yang et al., 2009) and promote the expression of a broad group of apoptosis-related genes (Moran et al., 2008) . One of the most interesting and novel apoptosis-related pathways involves glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH, which has long been considered a housekeeping gene, is now known to possess several functions, including cell death associated with oxidative stress Chuang et al., 2005; Dastoor and Dreyer, 2001; Fukuhara et al., 2001; Saunders et al., 1999) . During the activation of cell death events related to GAPDH, the protein translocates to the nucleus (Kim et al., 2006; Shashidharan et al., 1999; Tatton, 2000) . Nuclear translocation of GAPDH during cell death requires the S-nitrosylation of the protein, which triggers binding to Siah1 (an E3 ubiquitin ligase) (Hara et al., 2005) .
Once translocated, GAPDH is acetylated by p300/CREBbinding protein (p300/CBP) at Lys 160 through direct protein interaction and stimulates the acetylation and catalytic activity of p300/CBP (Sen et al., 2008) . Thus, the nuclear GAPDH/Siah complex augments p300/CBP-associated acetylation of nuclear proteins, such as p53, ultimately leading to cell death (Sen et al., 2008 (Sen et al., , 2009 . Regulation of the cell cycle and apoptosis is achieved through the function of p53, which regulates the transcription of genes such as GADD45 and Bax, which are upregulated after PQ exposure (Moran et al., 2008) . p300/CBP acts as a coactivator of p53 through its interaction with the N-terminus of p53 and increases the sequence-specific DNAbinding activity of p53 by acetylating its C-terminus (Lambert et al., 1998) . Several studies have demonstrated that phosphorylation at Ser 15 is a key event in the transactivation of p53 by p300/CBP. Moreover, the current data indicate that the mechanism by which phosphorylation at Ser 15 stimulates p53-dependent transactivation occurs through the enhanced binding of p300/CBP to p53 (Dumaz and Meek, 1999; Lambert et al., 1998) .
Thus, the nitric oxide (NO)/GAPDH/Siah cascade is initiated with the S-nitrosylation of GAPDH, indicating that NO is a key signaling mechanism in this phenomenon. NO production through various isoforms of nitric oxide synthases (NOS) has been observed in several experimental models after exposure to PQ (Ahmad et al., 2008; Djukic et al., 2007; Ortiz-Ortiz et al., 2009b; Wu et al., 2005) . PQ is well known to be a potent generator of oxidative stress, and we previously demonstrated that PQ significantly increases the production of NO in rat mesencephalic cells through a mechanism dependent on NOS expression (Ortiz-Ortiz et al., 2009a) . This result led us to hypothesize that PQ can trigger the NO/GAPDH/Siah cell death cascade. Here, we report that PQ effectively activates the NO/GAPDH/Siah cell death cascade and that these biochemical events can be prevented by the specific inhibitor of the monoamine oxidase B deprenyl, which specifically prevents GAPDH S-nitrosylation (Hara et al., 2006) , and by the inhibitor of the NOS1 7-nitroindazole (7-NI). Our results indicate that inhibition of the NO/GAPDH/Siah cascade does not prevent cell death, suggesting that generation of superoxide due to redox cycling of PQ mediates toxicity in neural cells.
MATERIALS AND METHODS
Reagents. The Roswell Park Memorial Institute (RPMI) 1640 medium, L-glutamine, fetal bovine serum (FBS), penicillin, and streptomycin were obtained from Hyclone (Brevieres, France). Deprenyl, 7-NI, Thiazolyl Blue Tetrazolium (MTT), sulfanilic acid, N-(1-naphthyl) ethylenediamine, Bicinchoninic Acid Kit, bovine serum albumin (BSA), anti-nitrotyrosine antibody, and Hoechst 33342 were obtained from Sigma (St Louis, MO). Kit from subcellular fractionation was obtained from Pierce Biotechnology (Rockford, IL). Polyvinylidene fluoride (PVDF) membranes and ECL-plus reagent were purchased from GE Healthcare (Bucks, UK). Anti-IkBa antibody and actin were procured from Santa Cruz Biotechnology (Santa Cruz, CA). 4-Amino-5-methylamino-2#,7#-difluorofluorescein diacetate (DAF-FM diacetate), propidium iodide (PI), and Alexafluor-conjugated secondary antibodies were obtained from Molecular Probes (Eugene, OR). Antibodies against GAPDH, p-300, p53, and p53 phosphorylated at Ser 15 were purchased from Cell Signaling Technologies (Danvers, MA). Other chemicals used were of analytical grade.
Cell cultures and treatments. Immortalized rat mesencephalic cells (1RB3AN27; hereafter referred to as N27 cells) were grown in RPMI 1640 medium supplemented with 10% FBS, 1% L-glutamine, penicillin (100 U/ml), and streptomycin (100 U/ml). Cells were seeded and maintained at a density of 1 3 10 6 cells/cm 2 in 75-cm 2 tissue culture flasks (Corning, New York, NY) and incubated at 37°C under saturating humidity in 5% CO 2 /95% air.
Confluent cells (~80%) in 75-cm 2 tissue culture flasks were trypsinized and seeded in 24-well cell culture plates for viability, flow cytometry, and immunofluorescence assays or in 6-well plates to measure nitrite production and for Western blot analysis. Cells were seeded at a density of 2.5-3.5 3 10 4 cells/ml. N27 cells were preincubated with PQ at the indicated concentration for usually 24 h, and unexposed cells were used as controls at each time point. When appropriate, 7-NI or deprenyl was added at the indicated concentrations 1 h prior to the addition of PQ. The drugs were dissolved in medium as stock solutions with the exception of 7-NI, which was dissolved in ethanol. The final concentrations of solvents did not exceed 0.1%, and control experiments showed that the final concentrations of the agents used did not have toxic effects (data not shown).
FIG. 1.
Effect of PQ exposure on the viability of rat-derived mesencephalic cells. N27 cells were exposed for 24 h to the indicated concentrations of PQ. Cell viability was measured by the MTT assay after PQ treatment (A) or by PI staining of positive cells and detected by flow cytometry (B). Results are shown as the percentages of positive cells. Data are expressed as the mean ± SEM. n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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MTT reduction assay. The MTT assay for measuring cytotoxicity and cell growth developed by Mosmann (1983) was performed following the methods of Hansen et al. (1989) . Viable cells with active mitochondria reduce the colorless tetrazolium salt MTT, producing dark blue water-insoluble formazan crystals. To perform the assay, MTT was dissolved at a concentration of 5 mg/ml in PBS. Two hours before the end of the experiment, the MTT solution was added to 24-well plates (50 ll per well), and the plates were returned to the incubator. Following the 2-h incubation period, the medium was decanted, and the formazan precipitates were solubilized with acidic isopropanol (0.04-0.1N HCl in absolute isopropanol). Optical density was measured at 570 nm (reference wavelength 630 nm) using the extraction solution as a blank. The absorbance of the converted dye was measured at a wavelength of 570 nm with background subtraction at 630-690 nm. The absorbance of untreated cultures was set at 100%.
Nitrite measurement. Nitrite was quantified using the Griess reaction. HCl (4M) was added to the supernatant and left to stand for 10 min. Afterwards, 2 mg/ml sulfanilic acid and 1 mg/ml N-(1-naphthyl) ethylenediamine were added. After incubation for 30 min, the absorbance was measured using a spectrophotometer at a wavelength of 550 nm. The absorbance of each sample was compared with that of standard sodium nitrite solutions.
Subcellular fractionation. Nuclear and cytoplasmic proteins were extracted using a commercially available kit. The purity of each fraction was monitored by the expression of subcellular markers, b-actin for the cytosolic fraction and nucleoporin for the nuclear fraction, to minimize any possible cross-contamination. Protein concentrations were measured based on the bicinchoninic acid method, using a Bicinchoninic Acid Kit according to the manufacturer's instructions, with BSA as the standard.
Western blot analysis. Following experimental treatments, the cells were rinsed twice with cold PBS and removed by scraping. Cells were lysed as previously described and stored at À80°C until use. Equal amounts of protein (40 mg/condition) were resolved by 8-12% SDS-gel electrophoresis and transferred to PVDF membranes according to a partially modified conventional method (Fuentes et al., 2000) . Briefly, proteins were transferred (250 mA for 60 min) to PVDF membranes using a Mini Trans-Blot Cell apparatus (Bio-Rad, Hercules, CA). The procedure for immunodetection included the transfer and blocking of the membrane (60 min at room temperature) with TTBS (10mM Tris-HCl, pH 7.5; 150mM NaCl; and 0.2% Tween-20) containing 5% BSA. Membranes were then incubated overnight at 4°C-8°C with a primary antiIkBa antibody (diluted 1:500) or an anti-nitrotyrosine antibody (diluted 1:1000). After washing (for two 5-min periods with TTBS), membranes were incubated (60 min at room temperature) with peroxidase-conjugated secondary antibodies (1:5000 in TTBS with 10% nonfat dry milk). After washing (for two 5-min periods and one 10-min period), the detection of bound antibodies was visualized by chemiluminescence using the ECL-plus reagent. Actin content was analyzed as a control using a rabbit polyclonal antibody.
Flow cytometry. We used DAF-FM diacetate (5mM) to monitor NO production, and PI (1 mg/ml) was used to determine cell viability. After exposure to different experimental conditions, cells were trypsinized and labeled with the fluorochromes at 37°C, followed by cytofluorometric analysis with a Flourescence Activated Cell Sorted scanner (Becton Dickinson, New York, NY). A total of 10,000 events were analyzed for each condition.
Immunofluorescence microscopy. N27 cells were cultured on coverslips pretreated with poly-L-lysine. After the experimental period, the cells were first fixed with paraformaldehyde (4% wt/vol) and then permeabilized with Triton X-100 solution (Triton 0.2% in PBS) for 10 min. After blocking for 20 min with BSA (1 mg/ml in PBS), cells were incubated with primary antibodies for 1.5 h at room temperature using antibodies directed against GAPDH, p-300, p53, and p53 phosphorylated at Ser 15. Immunostaining was detected with anti-mouse and anti-rabbit immunoglobulin Alexafluor-conjugated secondary antibodies, and cells were finally counterstained with Hoechst 33342 (2lM) before mounting. Fluorescence was analyzed using an Olympus IX51 microscope equipped with a DC300F camera. Quantitative measurement of the fluorescence signal was performed as described by Kirkeby and Thomsen (2005) .
Statistical analysis. Each experiment was repeated at least three times, with satisfactory correlation between the results of individual experiments. The data shown are those of representative experiments, and each result is presented as the average of three to four culture dishes. In each experiment, differences between groups were assessed by appropriate statistical methods. Statistical significance was evaluated using the Chi-square test, and all comparisons giving a p value less than 0.05 were considered statistically significant. Data are expressed as the mean ± SEM. All data were analyzed with SPSS 12.0 software (Chicago, IL) for Windows.
RESULTS

PQ Exposure Decreases Cell Viability in N27 Cells
PQ caused a significant loss of cell viability at all concentrations tested (p < 0.05 for 100lM PQ; p < 0.01 for 250 and 500lM) (Fig. 1A) , with a clear dose-response effect (Fig. 1A) as we have previously published (Ortiz-Ortiz et al., 2009b) . Cells were also analyzed for PI incorporation to confirm   FIG. 2 . Effect of PQ on NO generation (A) and nitrite levels (B) in N27 cells. NO generation was assayed using the fluorescent probe DAF-FM. Cells were exposed for 24 h to the indicated amounts of PQ. Nitrite levels were measured in N27 cells exposed to 250lM of PQ after exposure for the indicated times. Experiments shown were performed using flow cytometry. Results are shown as the percentages of positive cells. Data are expressed as the mean ± SEM. n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001. a reduction in viability. Exposure to PQ (100, 250, and 400lM), resulted in increased PI incorporation in a similar manner to decreased cell viability observed in the MTT assay (Fig. 1B) .
PQ Induces NO Release in N27 Cells
The increase in NO generation within the cells was detected by ''real-time'' monitoring of enzyme activity using the DAF-FM fluorogenic substrate. There was a basal level of NO production detectable in untreated control cells ( Fig. 2A) , which was markedly enhanced in cells following treatment with PQ at concentrations of 250lM and higher.
There was a direct relationship between the concentration of PQ applied to the cells and NO generation, as quantified indirectly by the nitrite content of the culture medium (Fig. 2B) . This effect was time-dependent, with the earliest significant induction occurring at 6 h with PQ 250lM.
PQ Exposure Induces GAPDH Localization to the Nucleus in N27 Cells
The effect of PQ on the translocation of GAPDH from the cytoplasm to the nucleus is not known. As shown in Figure 3 , PQ exposure induced GAPDH localization from the cytoplasm to the nucleus in a concentration-dependent manner. The neuronal localization of GAPDH expression was confirmed by immunocytochemical studies (Fig. 3A) . GAPDH-stained cells (cytoplasmic vs. nuclear) were quantified after PQ exposure (50-500lM), indicating a significant nuclear localization of GAPDH protein after 50lM of PQ exposure for 24 h (Fig. 3B) . Cytoplasmic protein extracts were performed after PQ exposure from 100 to 500lM. Western blot analysis showed that PQ induced GAPDH protein loss from the cytoplasm (Fig. 3C) .
PQ Induces Siah1 Translocation to the Nucleus
During GAPDH-mediated cell death, the protein translocates to the nucleus. Nuclear translocation of GAPDH during cell death requires S-nitrosylation of the protein, which triggers its FIG. 3 . PQ-induced GAPDH nuclear translocation. GAPDH nuclear translocation was analyzed by immunofluorescence microscopy (A), relative quantification of GADPH localization (B), and Western blotting analysis (C) in N27 cells exposed to 250lM of PQ for 24 h. Data are expressed as the mean ± SEM. n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
FIG. 4.
PQ-induced nuclear translocation of Siah1 is decreased by deprenyl and 7-NI. Nuclear and cytoplasmic extracts were obtained from N27 cells as indicated in the ''Materials and Methods'' section. Cells were preincubated with either 0.01lM of deprenyl or 100lM of 7-NI and exposed for 24 h to 250lM of PQ. The lysates were analyzed on a Western blotting for Siah1 as indicated (A), and relative quantification of SIAH-1 localization (B) in N27 cells. Data are expressed as the mean ± SEM. n.s., not significant, ***p < 0.001.
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binding to Siah1 (an E3 ubiquitin ligase). Cells were exposed to 250lM of PQ for 24 h. Cytoplasmic and nuclear extracts were obtained, and Western blot analysis was performed to assess the localization of Siah1. Evaluation of the role of NO was performed by preincubation of the cells with the neuronal nitric oxide synthase (nNOS) inhibitor 7-NI. PQ exposure induced the nuclear translocation of Siah1 from the cytoplasm to the nucleus, and this event was prevented by preincubation with the nNOS inhibitor 7-NI (Fig. 4) . A similar result was observed when the cells were preincubated with the specific inhibitor of GAPDH S-nitrosylation, deprenyl (Fig. 4) .
PQ Exposure Induces p300/CBP Expression and Increases
Phosphorylation of p-53 Ser 15
Once translocated, the GAPDH/Siah complex augments p300/CBP-associated acetylation of nuclear proteins, such as p53, leading to cell death. As phosphorylation at Ser 15 is a key event in the transactivation of p53 by p300/CBP, we analyzed by immunocytochemical methods whether p300/CBP was expressed after PQ exposure. Exposure of N27 cells to 250lM for 24 h significantly increased (p < 0.001) the expression of p300/CBP (Fig. 5A ), which correlated with the nuclear translocation of GAPDH and Siah1. Transactivation of p53 by p300/CBP requires of p53 phosphorylation at Ser 15. The ratio of total p53 protein versus p53 phosphorylated at Ser 15 was studied by immunofluorescence after N27 cells were exposed for 24 h to 250lM PQ. The results indicated that PQ significantly increased the ratio of p53 phosphorylated at Ser 15 (Fig. 5B) .
Blockage of the NO/GAPDH/Siah Cell Death Cascade Does Not Prevent PQ-Mediated Toxicity of N27 Cells
We previously demonstrated that deprenyl efficiently prevents the nuclear translocation of GAPDH in PQ-exposed N27 cells (Fig. 4) . Deprenyl toxicity was assessed by the exposure of N27 cells to concentrations of deprenyl ranging from 0.01 to 200lM and times of 0-120 min (Fig. 6A and 6B) . No toxicity of deprenyl preincubation was detected at any of the conditions tested by the MTT test. Cell viability was assessed using a single concentration of deprenyl (0.01lM) and PQ concentrations from 50 to 500lM (Fig. 6C) . Preincubation with deprenyl did not prevent cell death induced by PQ. Similar results were obtained with increased concentrations of deprenyl and a single concentration (250lM) of PQ (Fig. 6D) . The inhibition of the NO/GAPDH/Siah cell death cascade was further confirmed by Western blot of GAPDH protein in cytoplasmic extracts. Preincubation of PQ-exposed cells (100-250lM) with deprenyl (0.01lM) effectively blocked GAPDH translocation (Fig. 7) but did not prevent the toxicity induced by the pesticide (Fig. 6) .
Inhibition of NO Production by 7-NI Prevents Nuclear
Translocation of GAPDH and Effectively Protects N27 Cells Exposed to PQ Cells were preincubated with 7-NI 10lM and exposed to 250lM of PQ for 24 h. Cell viability was assayed by the MTT test. As shown in Figure 8A , 7-NI effectively protected N27 cells against PQ-induced toxicity. NO production as measured by the DAF-FM probe indicated that PQ caused an increase in NO production in a concentration-dependent manner (from 50 to 400lM) (Fig. 8B) . Preincubation with the nNOS inhibitor 7-NI efficiently inhibited NO production in PQ-exposed N27 cells (Fig. 8B) . The inhibition of NO production prevented the translocation of GAPDH from the cytoplasm to the nucleus as measured by immunofluorescence (Fig. 9A) . A count of nuclear GAPDH staining indicated that 7-NI significantly prevented GAPDH nuclear translocation at doses of 250lM (p < 0.05) and 400-500lM (p < 0.01) (Fig. 9B ). The effects on nuclear translocation of GAPDH mediated by preincubation with 7-NI were also measured in cytoplasmic extracts by Western blotting. 7-NI prevented the nuclear translocation of GAPDH at the different concentrations tested (Fig. 9C) . Moreover, preincubation with 7-NI in PQ-exposed N27 cells significantly decreased the proportion of Ser 15-phosphorylated p53 (Fig. 9D) . These results suggested that the nNOS inhibitor 7-NI effectively prevents the activation of the NO/GAPDH/Siah cell death cascade by a mechanism dependent on the inhibition of NO production in PQ-exposed N27 cells.
DISCUSSION
The objective of the present study was to gain further understanding of the role of NO in PQ-mediated toxicity. NO S-nitrosylates GAPDH, a protein that is widely expressed in diverse tissues and cell types and functions in a variety of cellular processes, such as glycolysis, cell proliferation, and apoptosis. The NO/GAPDH/Siah cell death cascade has been described as a novel pathway that highlights the importance of GAPDH as a complex multifunctional protein. Several studies FIG. 9 . The nNOS inhibitor 7-NI decreases GAPDH nuclear translocation and downstream events after PQ exposure. Representative images of immunocytochemical assays in PQ-treated and untreated N27 cells. Cells were exposed to the indicated concentrations of PQ and to 100lM of 7-NI (A). Percentage of the total number of cells with nuclear staining visualized in the field of analysis are shown on panel (B) . Cytoplasmic extracts were collected after treatment with 100-500lM of PQ after preincubation with 100lM of 7-NI. Untreated samples were used as control. Western blot analyses were performed using antibodies against GAPDH and a-tubulin (C). The ratio of phosphorylated Ser 15 p53/total p53 was quantified after treatment with 250lM of PQ and 100lM of 7-NI. Data are expressed as the percentage of the total number p53-positive cells visualized versus Ser 15-phosphorylated p53 in the field of analysis (D). n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001. Data shown are the representative of three independent sets of experiments.
have analyzed the role of the pathway in the generation of cell death (Hara et al., 2005 (Hara et al., , 2006 , including its importance in the mechanism of toxicity generated by some pesticides (Huang et al., 2009) . However, no studies have investigated the importance of this cell death cascade in the toxicity events elicited by PQ.
The neurotoxic MPP þ shares its molecular structure with PQ and activates the NO/GAPDH/Siah cell death cascade (Hara et al., 2006) . Furthermore, the inhibition of the pathway leads to neuroprotection of rat primary cerebellar granule cells. Other studies have reinforced the importance of this pathway as GAPDH knockdown rescues mesencephalic dopaminergic neurons from MPP þ -induced apoptosis (Fukuhara et al., 2001) . However, other authors have not found a correlation between the nuclear translocation of GAPDH and MPP þ toxicity (Kodama et al., 2005) . The data present in this article are in agreement with this hypothesis using a molecule chemically related with MPP þ as PQ. In our study, PQ induced the nuclear translocation of GAPDH and Siah1. This effect was decreased by deprenyl in a concentration-dependent manner, but cell viability was not altered. Downstream events such p300/CBP and transactivation of P53 were also modulated after PQ exposure in N27 cells. As the activation of the cascade implies the participation of NO, we assessed the importance of NO inhibition in the activation of the NO/GAPDH/Siah pathway. We previously described that the nNOS inhibitor 7-NI prevents PQ-mediated toxicity in neural cells by a mechanism that depends on the inhibition of NO production and the inhibition of the diaphorase activity of NOS (Ortiz-Ortiz et al., 2009). Our results indicate that 7-NI inhibits NO production in PQ-exposed N27 cells and that this inhibition efficiently prevents GAPDH translocation to the nucleus and transactivation of downstream targets, such as p53. This result indicates that GADPH translocation is strongly dependent on NO production induced after PQ exposition. As 7-NI could prevent PQ-mediated neurotoxicity, our results suggest that GAPDH nuclear translocation is not the sole mechanism by which PQ toxicity is mediated, but the NO generation is responsible in part for cell death induced by PQ as we previously described (Ortiz-Ortiz et al., 2009a , 2009b . On the other hand, PQ toxicity has been widely linked to the redox cycling of the herbicide and thus to the production of oxidative stress and ROS Gibson 1982, 1984; Bus et al., 1974; Ortiz-Ortiz et al., 2009) . We previously demonstrated that under certain circumstances, PQ generates a level of oxidative stress that overlaps other events in terms of toxicity (Ortiz-Ortiz et al., 2009a) . In this sense, PQ have the ability to induce apoptotic cell death (González-Polo et al., 2007; González-Polo et al., 2006) , and hallmarks of apoptosis are reduced in presence of an antioxidant as vit E (González-Polo et al., 2007) . Therefore, we cannot discard that GAPDH may be involved in the activation of a nuclear apoptosis cascade after PQ exposure, but this activation is secondary to the effects of oxidative stress generated by the pesticide.
In conclusion, our data reveal that PQ induces the nuclear translocation of GAPDH and Siah1 and activates downstream events such p300/CBP expression and increased p53 Ser 15 phosphorylation. However, inhibition of the NO/GAPDH/ Siah cascade by deprenyl did not prevent cell toxicity induced by PQ. As the nNOS inhibitor 7-NI increased cell viability, our results suggest that PQ-induced toxicity occurs through a mechanism dependent, in part, of NO production but not dependent of GAPDH/Siah-nuclear translocation. 
